During the sporulation process of Saccharomyces cerevisiae, meiotic progression is accompanied by de novo formation of the prospore membrane inside the cell. However, it remains to be determined whether certain species of lipids are required for spore formation in yeast. In this study, we analyzed the requirement of the synthesis of phosphatidylethanolamine (PE), phosphatidylcholine (PC), and ergosterol for spore formation using strains in which the synthesis of these lipids can be controlled. When synthesis of PE and PC was repressed, sporulation efficiency decreased. This suggests that synthesis of these phospholipids is vital to proper sporulation. In addition, sporulation was also impaired in cells with a lowered sterol content, raising the possibility that sterol content is also important for spore formation.
Nitrogen deprivation in the continuous presence of a non-fermentable carbon source, such as acetate, causes the diploid cells of Saccharomyces cerevisiae to exit the mitotic cycle, undergo meiosis, and sporulate. The process of spore formation requires de novo synthesis of prospore membranes, which initiates at the spindle pole bodies during meiosis II. The prospore membranes grow by SNARE-dependent post-Golgi vesicle fusion, and closure of the membranes is accompanied by completion of meiosis. 1) Spo20p, an SNARE protein, mediates the fusion of the vesicle with the prospore membrane and is required for formation of the spore. 2, 3) When it is first synthesized, Spo20p is targeted to the nucleus, but its nuclear localization is lost as cells enter meiosis II. Thereafter, Spo20p localizes to the prospore membrane by virtue of its lipid-binding domain, whose in vivo ligand is likely phosphatidic acid (PA). 4) PA also stimulates Spo20p-mediated membrane fusion in vitro.
5)
Spo14p, a known phospholipase D that hydrolyzes phosphatidylcholine (PC) to PA and choline in vegetative cells, is required for sporulation. [6] [7] [8] It was suggested that Spo14p-generated PA (and/or products derived from it, such as diacylglycerol) plays an important role in prospore membrane formation. 9) In addition, Spo1p, a phospholipase B homolog, is required for spindle pole body duplication during meiosis. 10, 11) A recent study suggested that Spo1p acts on phosphatidylinositol (PI) or its derivatives in a meiosis-specific signaling pathway. 12) Sec14p, the PI/PC transfer protein, has also been reported to be required for sporulation. 9) However, the relation between de novo synthesis or the amount of lipid compounds and spore formation is not yet known.
Phosphatidylethanolamine (PE) and PC are the two most abundant and essential phospholipids in yeast. They account for approximately 20% and 40-50% of cellular phospholipid content, respectively. 13) These phospholipids are synthesized de novo via two pathways (Fig. 1A) . In one pathway, PE is synthesized by decarboxylation of phosphatidylserine (PS) by two decarboxylases, Psd1p and Psd2p, and PC is synthesized by subsequent triple methylation of the head group of PE by two methyltransferases, Pem1p and Pem2p. The other synthesis occurs via the Kennedy pathway, in which PE and PC are synthesized from ethanolamine and choline, respectively, exogenously added to a yeast culture or endogenously formed through a lipid turnover process.
14) It has been reported that the levels of phospholipids increased in yeast during the spore formation process. 15) In addition, microarray analysis showed that EPT1 encoding sn-1,2-diacylglycerol ethanolaminephosphotransferase, which acts in the final step of the PE synthesis branch in the Kennedy pathway, and PCT1 encoding CTP:phosphocholine cytidylyltransferase, which acts in the second and rate-limiting step in the PC synthesis branch of the Kennedy pathway, were induced during sporulation. 16) Sterol is another structural and regulatory component of eukaryotic membranes. Approximately 80% of sterol is found in the plasma membrane. Ergosterol, the major sterol in yeast, is synthesized mainly in the endoplasmic reticulum (ER) via reactions involving more than 20 steps. Sterol is an essential component of the yeast membrane, and thus several genes involved in ergosterol synthesis are essential for growth. 13) Although the amounts of sterols and sterol esters increase during sporulation, 15) microarray analysis has indicated that many genes involved in sterol synthesis are downregulated. 16) While quantitative analysis of various lipids during spore formation has been done, 15 ) the significance of de novo synthesis and the existence of certain species of lipids in spore formation in yeast remain to be clarified. In this study, we analyzed requirements of PE, PC, and sterol in the sporulation of yeast using strains in which the synthesis of these lipids could be controlled.
Materials and Methods
Strains and media. The S. cerevisiae strains used in this study are listed in Table 1 . To construct the ISY01 strain, ERG7 promoter was replaced with that of GAL1 by introducing a DNA fragment containing the 5 0 -upstream region of the ERG7, HIS3, GAL1 promoter and the 5 0 -coding region of the ERG7 ORF into W303. The primers used to amplify the 5 0 -upstream region and the 5 0 -coding region of ERG7 were ERG7U-SacI-
, and ERG7-HincII-R (5 0 -GGATTTGTCAACAGAATGTAG-3 0 ). DNA fragments containing HIS3 and GAL1 were excised from pYAC-RC with BamHI and from pYES2 with SpeI and HindIII, respectively. The DNA fragments amplified with PCR were checked by sequence analysis. Correct integration was confirmed by PCR and Southern blot analysis.
Yeast cells were grown at 30 C. The media used were as follows: YPG or YPD medium containing 1% yeast extract (Difco, Detroit, MI), 2% polypeptone (Nihon Seiyaku, Tokyo), and 2% galactose or glucose (Wako, Osaka); SG or SD medium containing 0.17% yeast nitrogen base w/o amino acids and ammonium sulfate (Difco, Detroit, MI), 0.5% ammonium sulfate (Kanto Chemical, Tokyo), 2% galactose or glucose, and the required amino acids; spore medium (SM) containing 1% potassium acetate (Kanto Chemical, Tokyo), 0.1% yeast extract, and 0.05% glucose. SM-Gal contained 0.05% galactose instead of glucose. The growth curve was obtained with an automatically recording incubator TN1506 (Advantec, Tokyo).
Determination of spore formation efficiency. Yeast cells were fixed for 30 min in 70% ethanol, washed twice with H 2 O, and stained in a solution of 625 ng/ml DAPI. After 10 min of incubation, the cells were washed twice with H 2 O, and then observed under Nomarski optics and fluorescence microscopy using appropriate filters. The percentages of cells without spores, with incomplete spores (one or two spores), and with three or four spores were determined from both characteristic asci morphology of Nomarski image and DAPI stained nuclei.
Cell viability. To determine cell viability, 1:0 Â 10
À4
OD 600 cells were spread on a YPG plate and colonies were counted.
Phospholipid analysis. Cells were disrupted with glass beads using a Multi-beads shocker (Yasui Kikai, Osaka) in extraction solution (0.2 M KCl, 0.1 M HCl, pH 2.0) and lipids were extracted by the Bligh-Dyer method.
17) The extracted lipids were separated by thin layer chromatography (TLC) with chloroform/methanol/acetic acid (65:25:10) as the solvent. The spots of each phospholipid were visualized with iodine vapor, and the spots for PE or PC were scraped. Phosphorous in total lipids and in each phospholipid was quantified according to the method of Bartlett.
18) The contents of PE and PC were expressed as percentages of the amounts of phosphorus in these lipids to those of the total lipid extracts.
Sterol analysis. Cells from YPG preculture were collected by centrifugation, inoculated into 100 ml YPG and YPD at initial OD 600 of 1:25 Â 10 À2 and 5:0 Â 10 À4 , and incubated at 30 C for 9 h and 24 h, respectively. Total cell extracts were prepared by disruption of the cells with glass beads using a Multibeads shocker in breaking buffer (25 mM HEPES-KOH, pH 7.4, 100 mM KCl, 10% glycerol). The lipids were extracted from total cell extract by the Bligh-Dyer method. Ergosterol was quantified by high-performance liquid chromatography. Extracted lipids were separated on a C-18 reversed-phase column (250 Â 4:0 mm) with 100% methanol as the mobile phase at a flow rate of 1.0 ml/min, and the eluate was continuously monitored by UV detection at 210 nm. Sterol was quantified using ergosterol (Acros Organics, Geel, Belgium) as a standard. The ergosterol content was expressed as micrograms ergosterol per micrograms phosphorus in the lipid extract.
Results and Discussion
To determine the requirement of PE for sporulation, we used diploid strain TKY12G, in which both alleles of PSD1 and PSD2 were deleted and the promoters of both alleles of ECT1, encoding CTP:phosphoethanolamine cytidylyltransferase, were replaced by the galactose-inducible and glucose-repressible GAL1 promoter (Fig. 1A) . 19) In a galactose-containing medium, expression of ECT1 was induced and TKY12G synthesized PE via the Kennedy pathway in the presence of ethanolamine. In contrast, the expression of ECT1 was repressed in a glucose-containing medium, and cell growth was arrested after 10 to 11 generations. In haploid strain TKY12Ga, the PE content decreased to 1% of total major phospholipids in the glucosecontaining medium. 19) To determine whether de novo A, Pathways of phospholipid biosynthesis in yeast. PE and PC are synthesized via two pathways. B, C, D, and E, Repression of PE synthesis and spore formation. TKY12G and W303 were precultured in YPG medium overnight and then inoculated into 1 ml SM-Gal at an initial OD 600 of 1.0, and incubated at 25 C for 72 h. B, Cells were stained with DAPI and observed under Nomarski optics and by fluorescence microscopy. C, The percentages of cells without spores, those with incomplete spores, and with three or four spores, are indicated. Results represent the mean and S.E. of three independent experiments, in which at least 200 cells were scored for each strain. D and E, Total lipids were extracted from the cells before and during incubation in SM-Gal with and without ethanolamine and choline. The PE content (D) and the amount of total phospholipids (E) were determined as described in ''Materials and Methods.'' PE content was expressed as a ratio of the amount of PE to that of total phospholipids. synthesis of PE would be required for sporulation, TKY12G was shifted to an SM-Gal with and without ethanolamine or choline and incubated for 72 h. As shown in Fig. 1B and C, when TKY12G was incubated in SM-Gal with exogenous ethanolamine, sporulation efficiency was approximately 21%. However, in SMGal without ethanolamine, no sporulation was observed. Furthermore, TKY12G sporulated very poorly in SMGal in the presence of exogenous choline, with a sporulation efficiency of about 1.3%, although TKY12G grew in a galactose-containing medium even in the absence of exogenous ethanolamine when the medium was supplemented with choline, probably because the cells synthesized enough PE for growth through Kennedy pathway with phosphoethanolamine derived from the degradation of dihydrosphingosine-1-phosphate or pytosphingosine-1-phosphate by Dpl1p.
19) The PE content of TKY12G increased during incubation in SM-Gal supplemented with ethanolamine, whereas it decreased in SM-Gal and in SM-Gal with choline (Fig. 1D) . In contrast, no significant difference in phospholipid contents was observed among the cells incubated in the presence or absence of ethanolamine or choline (Fig. 1E) . Based of these results, it was suggested that the yeast cells required de novo PE synthesis for efficient spore formation. Since most of the TKY12G cells did not contain any spores in the absence of ethanolamine, PE might be required in the early stages of sporulation.
PE tends to form a non-bilayer hexagonal-II structure under physiological conditions, due to its small polar head group. This property perhaps affects the dynamics of the biological membrane, for instance, membrane fission and fusion, which are also involved in prospore membrane formation. In addition, it is known that mitochondrial activity is essential for sporulation. 20) Mitochondrial Psd1p provides for approximately 90% of total cellular PS decarboxylase activity. 21) A psd1 null mutant does not grow on nonfermentable carbon sources without supplementation with ethanolamine, choline, or serine. 22) These data suggest that PE plays an essential role in mitochondrial function, and raise the possibility that TKY12G is unable to sporulate in the absence of ethanolamine due to a defect in mitochondrial function.
We also examined the requirement of PC for sporulation using diploid strain KEY503, in which both alleles of PEM1 and PEM2 are deleted (Fig. 1A) . 23) KEY503 synthesizes PC only via the CDP-choline branch of the Kennedy pathway and is therefore auxotrophic for choline. When KEY503 was incubated in SM containing 1 mM choline, spore formation was efficient ( Fig. 2A and B) . In contrast, the spore formation efficiency of KEY503 was lower than that of wild-type cells in the absence of choline, and instead KEY503 and KUY503 were precultured in YPD medium overnight and then inoculated into 1 ml SM at an initial OD 600 of 1.0, and incubated at 25 C for 120 h. A, Spore formation was observed as in Fig. 1B . B, The efficiency of spore formation was determined as in Fig. 1C . Results represent the mean and S.E. of three independent experiments, in which at least 300 cells were scored for each strain. C and D, Total lipids were extracted from cells before and during incubation in SM with and without choline, and the PC content (C) and the amount of total phospholipids (D) were determined as described in ''Materials and Methods.'' PC content was expressed as a ratio of the amount of PC to that of total phospholipids. cells with incomplete spores increased in number, although the effect was less drastic than that of repression of PE synthesis. The PC content of KEY503 was elevated during incubation in SM supplemented with choline, while no increase was observed in SM without choline (Fig. 2C) . No significant difference in the phospholipid contents was observed among cells incubated in the presence or absence of choline (Fig. 2D) . These results suggest that de novo synthesis of PC was also required for efficient spore formation by yeast.
Although there are slight differences in lipid composition due to strain backgrounds and growth conditions, PC is one of the most abundant bilayer-forming phospholipids in yeast vegetative cells under most conditions. It is also a major structural component of the spore membrane. 15) As shown in Fig. 2C , PC was a major phospholipid in the membrane of the wild-type cells incubated in SM, and the PC content of KEY503 increased to 50% during incubation in SM supplemented with choline. De novo synthesis of PC may be required to maintain the structural integrity of the spore membrane, in addition to its role in the supply of a substrate for Spo14p, PC-specific phospholipase D, which is required for sporulation. 24) We also examined the requirement of ergosterol for yeast sporulation. We constructed a yeast strain, ISY01, in which sterol synthesis can be controlled with the carbon sources in the medium, by replacement of the promoters of both alleles of ERG7, encoding lanosterol synthase catalyzing the reaction to form a sterol structure, 25) with GAL1 promoters. Expression of C. B, Free ergosterol content in ISY01. ISY01 and W303 were incubated in YPG medium for 9 h and in YPD medium for 24 h. The amount of ergosterol was quantified by HPLC. The sterol content was expressed as the amount of ergosterol per OD 600 . C, Viability of ISY01. Cells were grown as in (B). Cell viability was analyzed as described in ''Materials and Methods.'' D and E, Efficiency of spore formation of ISY01. ISY01 and W303 were incubated in YPG medium for 9 h and in YPD medium for 24 h, inoculated into 1 ml SM or SM-Gal at an initial OD 600 of 2.0, and incubated at 25 C for 72 h. D, Spore formation was observed as in Fig. 1A . E, The efficiency of spore formation was determined as in Fig. 1B . Results represent the mean and S.E. of three independent experiments, in which at least 180 cells were scored for each strain.
ERG7 was induced in a galactose-containing medium, and ISY01 grew as well as the wild-type strain (Fig. 3A) . In contrast, in a glucose-containing medium, expression of ERG7 was repressed, and its growth was arrested after several cell divisions. This time lag before cell growth arrest was probably due to the time required to consume residual Erg7p and/or ergosterol precursors beyond the erg7 block. Free and total ergosterol contents of ISY01 precultured in a galactose-containing medium were not significantly different from those of the wildtype strain precultured in the same medium (Fig. 3B , and data not shown). However, when ISY01 was incubated in a glucose-containing medium for 24 h, both free and total ergosterol contents decreased remarkably as compared with those of the wild-type strain. The viability of ISY01 grown in a galactosecontaining medium for 9 h and in a glucose-containing medium for 24 h was 69% and 56%, respectively, of that of the wild-type cells (Fig. 3C) . We then determined the sporulation efficiency of the cells after preculture in a galactose-and a glucose-containing medium. As shown in Fig. 3D and E, when ISY01 was incubated in SM-Gal for 72 h after preculture in a galactose-containing medium, sporulation efficiency was almost the same as that of the wild-type cells, but after preculture in a glucose-containing medium for 24 h, the sporulation efficiency of ISY01 was significantly impaired. This suggests that the cellular sterol content was important for sporulation. Deletion of HMG2 encoding 3-hydroxy-3-methylglutaryl-coenzyme A reductase and of ERG4 encoding sterol C-24 reductase at the final step of ergosterol biosynthesis lowered the sporulation frequencies, though some sporulation was still observed, in a comprehensive analysis of the deletion mutant collection. 26) Although the functional role of ergosterol in yeast spore formation is still unclear, these results support our hypothesis.
In this study, we analyzed the requirement of lipid synthesis for yeast sporulation. De novo synthesis of PE and PC was required for proper spore formation. Furthermore, the cellular sterol content was also found to be important for sporulation. Currently, it remains to be determined whether synthesis of PE, PC, and sterol is required for prospore membrane formation per se or for some other step. It is also possible that these lipids are required to maintain the viability of yeast in SM, although cellular proliferation does not occur in this medium.
